Abstract: Tidal flats provide habitat for biodiversity, protection from storm surges and sea level rise, and a range of other ecosystem services. However, no simple method exists for mapping tidal flats over large (>1,000 km) extents, and consequently their global status and distribution remain poorly understood. Existing mapping methods are restricted to small areas with known tidal regimes because tidal flats are only fully exposed for a brief period around low tide. Here we present a method for mapping tidal flats over very large areas and demonstrate its utility by mapping the tidal flats of China, the Democratic People's Republic of Korea and the Republic of Korea. We (i) generated tide height predictions at the acquisition time of all Landsat Archive images of our study area using a validated regional tide model, (ii) selected suitable images acquired in the upper and lower 10% of the tidal range, (iii) converted high and low tide images to a land and water class image derived from the Normalized Differenced Water Index (NDWI) and, (iv) subtracted the high tide classified image from the low tide classified image, resulting in delineation of the tidal flat. Using this method, we mapped the tidal flats for 86.8% of the study area coastline (13,800 km). A confusion matrix for error assessment indicated an accuracy of >85% for the resulting tidal flat map. Our method enables coastal morphology to be OPEN ACCESS Remote Sens. 2012, 4 3418 mapped and monitored at continental scales, providing critical data to inform coastal adaptation measures for sea level rise, for monitoring coastal habitat loss and for developing ecosystem-based coastal conservation measures.
Introduction
Tidal flats, the area between marine and terrestrial environments, are critically important for supporting biodiversity and providing coastal ecosystem services (e.g., storm protection) [1, 2] . Yet, despite an abundance of remote sensing projects that have focused on coastal areas [3] [4] [5] , there is no global estimate of the extent of tidal flats and present knowledge of their overall distribution remains limited. This is primarily due to a deficiency of tidal flat mapping techniques suitable for use over very large areas. Due to human impacts and a range of other threats, tidal flats are rapidly changing and reliable knowledge of their status is urgently required [6, 7] .
Mapping tidal flats accurately is difficult because they are only exposed fully for a brief period at low tide, requiring precise timing of the acquisition of remotely sensed data. Specific applications of high precision mapping of tidal flats have been achieved in some countries using Light Detection and Ranging (LIDAR) and Synthetic Aperture Radar (SAR) from aircraft [4, 8] . However, these methods are limited for application over continental scales because of rapidly changing tidal conditions and the high cost of airborne acquisitions [3, 9] .
Over larger areas, satellite sensors such as the Landsat Thematic Mapper (TM), Enhanced Thematic Mapper (ETM+), MODIS and SPOT are regularly used to map the boundary between a water body and the exposed terrestrial surface, known as the waterline. A range of methods to establish the location of waterline have been developed, including manual digitization [10, 11] , edge detection [12] , density slicing [9, 13] and multi-band classification [14] . By delineating the waterline at known tide heights, digital elevation models for the intertidal zone can be developed and tidal flats mapped to high accuracy [9] . However, if the aim is to map the extent of tidal flats, these methods are only suitable for areas where there is tide height information for the precise time of data capture. Furthermore, by focusing only on the low-tide waterline they do not account for the location of the high-tide waterline, which is fundamental in determining the area of tidal flat. This is particularly important for continental scale mapping, where information on the location of the high-tide waterline is not readily available. Thus, to determine the distribution and extent of tidal flats at continental scales, mapping methods must be developed that can manage (a) the scarcity of observed tide height data and (b) variation in the position of the high-tide waterline.
Here we address this deficiency by developing a new methodology for mapping tidal flats suitable for application over continental or global scales. We use large-scale, freely available Landsat Archive imagery and tide predictions from validated regional tide models to map areas where there is no prior information on tide heights available. By considering only two classes (tidal flat and other) and incorporating information on high-tide waterlines, tidal flats are mapped rapidly and accurately at a continental scale. We demonstrate this method over ~16,000 km of coastal East Asia, from southern China to the Republic of Korea, a region with some of the largest tidal flats globally [1] .
Methods
Our study area comprised the coastline from the Vietnam-China border (21°32′N, 108°1′E) to the eastern Democratic People's Republic of Korea-Republic of Korea border (38°36′N, 128°21′E).
Satellite Sensor and Image Selection
Metadata for all Landsat TM and ETM+ images available for the study area since 2000 were obtained (13,125 images) using the USGS Earth Explorer [15] , which contained information on the geographic location, cloud cover and acquisition time and date. Knowledge of tide height is critical for mapping the extent of tidal flats, so we determined the tide height at image acquisition for all available images by generating tide predictions for a point 5 km from the coastline and nearest to the coastline mid-point of each image, allowing selection of images obtained at known tide heights ( Figure 1 ). We used the Tide Model Driver and the Oregon State University Tidal Inversion Software to operate the China Seas tide model, which is a regionally validated tide model with an RMS misfit of <5 cm [16] [17] [18] . We obtained all images in the upper (high tide) and lower (low tide) 10% of the tidal range with a cloud coverage of <30% (1,040 images). From this image set, the final low-tide and high-tide images were selected according to the following selection criteria; (i) obtain the highest and lowest tide heights possible, (ii) minimize the period of time elapsed between capture of the high and low tide images, (iii) minimize coastal cloud cover and, (iv) use the most recent imagery available. The final set, covering the entire coastline of China and the Korean Peninsula, contained 78 images over 39 path/rows with a mean time difference between high and low tide images of 664 days (σ = 532 days).
Image Pre-processing
The final image set was pre-processed to at-surface reflectance by converting digital number values to at-sensor reflectance and then applying a dark pixel subtraction to account for atmospheric attenuation [19] [20] [21] . Georectification was not required as all images were processed to USGS level 1 terrain-corrected products (L1T), which was determined as an acceptable level of spatial accuracy for the aims of the study [22] .
Tidal Flat Delineation
To map the tidal flat, which we defined as the area inundated between the low and high tide waterline, we developed a 2 phase process centered on differencing high and low tide TM and ETM+ images ( Figure 2 ). The method was implemented in ArcGIS 10.0 using the Python programming language. In the first phase, we generated a land and water class image using the Normalized Differenced Water Index (NDWI) [23] . The NDWI is widely used to delineate open water features from terrestrial environments [24, 25] and as it includes the Near Infrared (NIR) and a visible band, is suitable for delineating the waterline in tidal habitats [12] . We calculated NDWI for each pixel with the following formula:
where and are the radiances of the green and near infrared wavelengths [24] . As the land-water threshold of NDWI is known to vary between images in multi-temporal studies, we manually applied a threshold on an image-by-image basis, producing an image set comprising of high tide and low tide images classified into 2 classes, land and water [11, 23] .
In the second phase we subtracted the high tide water class from the low tide water class, enabling the area that changed between high and low tide to be identified; the tidal flat. The tidal flat output was post-processed to remove random incorrect pixels and areas that had changed between high and low tide images but were not tidal flats, such as coastal developments or flooding of aquaculture ponds. Additionally, a manually-derived mask was applied to remove areas that were (i) covered by cloud, (ii) certainly not tidal, such as land or deep ocean or (iii) areas where waterline delineation could not be achieved due to siltation, ice or algal blooms.
Accuracy Assessment
The accuracy measures (overall, user's and producer's) of the resulting spatial estimate of tidal flat extent were derived and assessed by independently comparing reference data with map data in a confusion matrix [26, 27] . We generated 260 sample locations by stratified random sampling the non-masked area for the two output classes (tidal flat and other). Map data was extracted for these points from the tidal flat map. Reference data were derived by an independent analyst who labeled each sample point with tidal flat or other class, based on assessment all available Landsat bands of the low-tide images and other available information (such as Google Earth).
Results and Discussion
We utilized 78 Landsat TM and ETM+ images to produce the first continental scale map of tidal flats, covering 13,800 km (86.8%) of the China, Democratic People's Republic of Korea and Republic of Korea coast (Figure 3) .
Overall classification accuracy across the sample set was 89.2%, with a user's accuracy of 91.1% and a producer's accuracy of 86.9% (Table 1) . Such a high level of accuracy is not surprising given the manual application of the land-water threshold to each NDWI image, the use of Landsat TM/ETM+ for validation and the small number of mapping categories [11, 23, 27] . Misclassified pixels overwhelmingly occurred in the landward region of the tidal flat on slivers of exposed surface between the high tide waterline that we detected and the natural coastline or seawall. Such misclassifications generally arose from limited availability of spring high tide images, which required the use of images acquired below the highest possible tide, although these were always within the upper 10% of the tidal range. Despite using accurate, regionally validated tide models available there were small errors in tide height predictions, as well as from natural variation in tide heights across each Landsat image [16, 17] . Our method results in estimates that are conservative compared with the actual tidal area, because complete delineation of the entire intertidal area can only be achieved when the images are precisely timed relative to the extremes of the tide. Nevertheless, the accuracy of our method for mapping exposed tidal flat is well within the bounds of widely accepted targets for remote sensing [27] . Due to environmental factors such as cloud cover, sea ice, extreme water turbidity, pollution, algal blooms and vegetation cover it was not possible to map 13.2% of the study coastline. Because paired images were required for image differencing, if one these factors occurred on either image then mapping the tidal flat was not possible for that area. Additionally, the occurrence of SLC-off striping on recent ETM+ imagery resulted in some striped areas of no-data within the mapped output that could not be gap-filled due to varying tide heights in other available imagery [22] . The availability of suitable high and low tide images resulted in considerable periods of time elapsing between acquisitions of each paired image. For the coastline of China and South Korea particularly, anthropogenic coastal modification, including widespread land reclamation, is occurring at such a rapid rate that the coastline can change between image acquisitions. For example, land claims for coastal development were occasionally identified as tidal flat because they changed from water to land between the high and low tide images. Such artifacts were removed manually during post-processing. Furthermore, the dynamic nature of tidal flats, particularly in estuaries where accretion and erosion continually occur as well as areas with regular seasonal changes of tidal flat extent, can lead to changes in the tidal flat extent between the acquisitions of suitable images.
Ryu et al. [13] investigated the accuracy of several approaches for delineating tidal flats based on waterline delineation and showed that although some methods can result in error of up to several hundred meters, best performance was achieved using a combination of the NIR and a visible band, preferably on a flood tide when the exposed sediment is most dry. By using the NDWI, which includes the NIR and the green band, we adopted a high performing, widely accepted method for delineating open water features [24] . However, evaluation of waterline mapping on tidal flats with the NDWI is required, preferably with on-ground reference data collected at known tide stages and heights at the same time as sensor data. Since the threshold value of the NDWI for delineating open water features is known to vary among scenes with TM or ETM+ data [23, 28] , additional work to predict the waterline threshold using individual image properties would allow for further automation of our methodology [23] .
Tidal flats are declining in area in many regions due to human impacts and sea-level rise, leading to suspected declines in biodiversity [29, 30] , loss of ecosystem services [2, 31] and negative impacts to human livelihoods [2, 6] . As such, an analysis of their current status is urgently required. Our method could be applied to all images in the Landsat Archive (MSS, TM or ETM+), which will allow the status of tidal flats to be determined for any region where sufficient Landsat data exist. Additionally, the method is suitable for application to other sensor data, permitting the use of a wide range of sensors to meet varying objectives. For example, if higher resolution mapping of the tidal area is sought, perhaps for areas with very small tidal flats, obtaining data at the relevant tides from a high resolution source such as Quickbird, Worldview 2, IKONOS or SPOT would be possible. Likewise, if the aim is to determine the maximum area of tidal flat, then the use of a high repeat frequency sensor such as MODIS would likely increase the likelihood of obtaining images acquired on the highest and lowest tide, although its resolution would restrict its application to large tidal flats only.
Conclusions
Despite major advances in applications of remote sensing, such as the suite of global land-cover maps and habitat specific atlases, the spatial distribution and status of intertidal habitats globally remains poorly understood. Here we present a simple, broadly applicable method developed for mapping tidal flats over large areas (continental to global) using the Landsat archive of TM and ETM+ imagery. We used regional tide models to select Landsat images that were captured only at high or low tide. These images were pre-processed and classified into land and water classes using the Normalized Differenced Water Index (NDWI). Differencing of the high and low tide NDWI images allowed delineation of the tidal flat.
To demonstrate the method, we produced the first map of tidal flats of China and the Korean peninsula, an area that is undergoing rapid coastal change and is at-risk from coastal inundation due to sea level rise. We used 78 Landsat TM and ETM+ images to map tidal flats over 13,800 km of coastline. The accuracy assessment indicated an overall classification accuracy of 89.2%. Tidal flats in the region are threatened by intense coastal development, and our map will provide a baseline that allows for the monitoring of future impacts to tidal flats.
Importantly, the method can be rapidly and efficiently applied to all Landsat imagery in the Landsat Archive, allowing the status of tidal flats to be determined for any region around the world. This will prove a useful tool for studies of ecological and morphological change in coastal regions, particularly with regard to ecosystem services, climate adaptation responses, biodiversity conservation, human impacts and coastal management. Future implementation of this method will focus on obtaining wider geographic coverage of tidal flat maps, with the aim to eventually understand the status of tidal flats globally.
